We have carried out a comparative study of the microrheological properties of silk fibroin solutions formed from a variety of silks indigenous to the Indian subcontinent. We present the measured viscoelastic moduli of Tasar silk fibroin solution using both a single and dual optical tweezer at 0.16% and 0.25% (w/v). The bandwidth of the measurements carried out using optical tweezers is extended down to the lower frequency regime by a video microscopy measurement. Further, we have measured the viscoelastic moduli of Eri and Muga varieties of silk fibroin solutions at a higher concentration (1.00% w/v) limiting the tool of measurement to video microscopy, as the reduced optical transparencies of these solutions at higher concentration preclude an optical tweezer based investigation. The choice of a higher concentration of fibroin solution of the latter silk varieties is so as to enable a comparison of the shear moduli obtained from optical methods with their corresponding fibre stiffness obtained from wide angle X-ray scattering data. We report a correlation between the microstructure and microrheological parameters of these silk varieties for the concentration of fibroin solutions studied.
INTRODUCTION
Silk is a fibrous protein polymer, secreted as a continuous filament by silk worms, and spiders. Silk worms and spiders manufacture silk and use it to engineer structures such as cocoons, webs and nets. It has attracted the interests of scientists and engineers for varied reasons from a long time. The initial interest was in its use in manufacturing textiles of high strength, durability and aesthetic value. Silk has been found to be a valuable biotechnological material because of its compatibility with blood and its high permeability to both water and oxygen [1] . In order for use in a specific biomedical application, it should be regenerated in a desirable form. By dissolving the silk fibre in a suitable solvent, a Regenerated Silk Fibroin (RSF) solution can be prepared.
There are two classes of silks namely, mulberry (Bombyx mori) and non mulberry varieties. India is the only country known for the production of four varieties of silk. In the literature, a number of studies have been reported on the structure and mechanical properties of mulberry as well as non mulberry silks, including the tensile stress-strain and recovery behavior of Indian silk fibres under stress [2] revealing properties such as its high breaking extension and strength. The microstructure of the Indian silk varieties has been elucidated by studying their amino acid contents [3] . Stress relaxation in non-mulberry silks has been observed when compared to that in mulberry silk [4] . Studies on the solubility and rheological behavior of silk fibroin (Bombyx mori) using a rheometer have been reported [1] .
Rheological characterization of soft materials in bulk yields the viscoelastic parameters of the sample averaged over the volume of the sample studied. The advantage offered by microrheology is that much smaller sample volumes are needed for characterization, a matter of significance when the sample is scarce or expensive to obtain in larger amounts. Local structural heterogeneity found in entangled polymer networks such as silk fibroin solutions, can result in a variation in the viscoelastic properties from region to region, features that bulk measurements may fail to capture [5] .
In microrheology, the position information of the tracer particles embedded in a complex fluid are recorded. The motion of the beads is then interpreted in terms of the viscoelastic properties of the surrounding medium. Since each tracer particle reflects the local mechanical response of the surrounding material, microrheology can yield this information on micro and even nano length scales in soft matter.
A single trapped bead in an optical tweezer enables one-point microrheology. This is a sensitive technique to characterize the local environment within the sample at micro and nano length scales. However, in the absence of heterogeneities, or where one is more concerned with measuring the bulk limit of the viscoelastic parameters of the material, differences in the microrheological parameters arising due to local variations in structures need to be averaged. In such situations one can monitor the cross correlated fluctuations of a pair of beads, whose relative positions varies with time [6] . This is achieved with a dual optical tweezer [7, 8] .
We present a single and dual optical tweezer based study of the microrheology of Tasar (Karnataka, India) silk fibroin solution, at a temperature of 22±0.5 o C for two concentrations (w/v). We extend the bandwidth of measurements to lower frequencies by including a video microscopic analysis. This study enables a comparative assessment of the single and dual optical tweezer based methods in obtaining microrheological parameters.
We have carried out measurements of the frequency dependent shear moduli of non mulberry silk fibroin solutions formed from Eri † and Muga ‡ (Assam, India) at a higher concentration(1.00% w/v) than that for Tasar § . The limited transparencies of the non mulberry silk fibroin solutions, at these concentrations preclude optical tweezer based studies and hence, for these varieties we report only the video microscopy based microrheological results. We have chosen a higher concentration of the latter silk varieties in order to compare the measured shear moduli, with their corresponding single fibre stiffness obtained from a Wide Angle X-ray Scattering (WAXS) analysis. It is reasonable to expect the fibre stiffness to have a bearing, if any, on the shear modulus of the corresponding silk fibroin solution at a higher concentration and hence the choice of 1.00% w/v. From our measurements we record that silk fibres of Muga forming the fibroin solution shows higher shear modulus and also possesses greater fibre stiffness, than the corresponding properties of Eri variety. † Eri silk comes from the worm Samia cynthia ricini, found in North East of India and some parts of China and Japan. Eri silkworm secretes white or brick-red silk. Eri silk is not a continuous filament unlike other silks, and is thicker and heavier than other silks. ‡ Muga silk comes from the worm Antheraea Assama, is widely distributed and cultured in North-Eastern India particularly in the state of Assam, India. It is popular for its natural golden colour, glossy fine texture and durability. This paper is organized as follows: After a brief discussion of the methods for preparing the fibroin solution samples of all varieties of silk fibres we present the optical tweezer based microrheological measurements using single and dual bead setups. This is followed by video microscopic analysis to extract the viscoelastic data. Finally, we present results obtained using all the methods and provide a comparative study with micro-structural data of the fibres gathered through WAXS.
SAMPLE PREPARATION
A 3:1(weight ratio) mixture of calcium nitrate tetra hydrate (Ca (NO 3 ) 2 4H 2 O) and absolute methanol (CH 3 OH) is prepared and is used as a solvent for non mulberry silk fibres [9] . Though this recipe has been developed for mulberry (Bombyx mori) silk, the same recipe is found to work for non mulberry silks. Raw silk is first degummed thoroughly, as reported elsewhere [9, 10] . The degummed silk is cut into small pieces and then added to the solvent. The mixture is stirred well at a temperature of 70°C, until the silk fibre dissolves completely in the solvent to obtain undialyzed RSF. The solutions of a given concentration are prepared by dissolving a known weight of silk in a definite volume of solvent.
The RSF solution at two different concentrations viz., 0.16% and 0.25% (w/v) are prepared by the above methods for Tasar silk, and 1.0% for both Eri and Muga silk.
Polystyrene beads (Cat. no. 17134, 2.799 µm, Polysciences Inc., USA) are mixed with RSF solution in low concentrations (2µL in 1mL of RSF) to avoid inter-bead interactions and they are used as probes to measure the stress-deformation relation in the material. The sample was taken in a well constructed by a rubber 'O' ring (10 mm diameter & 2 mm thickness) on a cover slip and is left for 20 minutes to stabilize before taking the measurements. For each trial, around 30 µL of sample was used and the temperature was maintained at 22±0.5 o C. The chemicals and reagents used in this work were HPLC grade supplied by Merck Chemicals, India.
MEASUREMENT TECHNIQUES
A detailed description of the optical tweezer with image processing setup used in this work can be found elsewhere [11] . We present here the method of calibrating the imaging system and its use in obtaining microrheological parameters.
Optical tweezer based technique
In the optical tweezer technique, for 1-point microrheology, a bead of radius ' a ' embedded in a given sample is trapped with a laser and the bead's position is tracked either by the same laser or with a different laser back scattered from the trapped bead. A high speed quadrant photo detector (EOS, USA) interfaced with a high speed DAQ card (PCI 6143, NI, USA), is used to acquire the bead's position with a scan rate of 10 5 samples/sec for five seconds. 20 such data sets are stored on the hard drive of a PC, for a given trapped bead, at similar temperatures and surroundings. In 2 point microrheology, two beads, each of radii ' a ' that are separated by a distance of ' r ' are trapped by two laser beams ( Figure 1 .) with different planes of polarization.
The laser beams backscattered by the two beads, therefore can be separated with the use of a polarizing beam splitter. The two bead's positions are tracked simultaneously with two quadrant detectors at a scan rate of 10 5 samples/sec for five seconds using a simultaneous 8 channel DAQ card (PCI 6143, NI, USA). From these data, the cross correlated and auto-correlated PSD is calculated using the relation (3). Since the PSD obtained from 1-point as well as 2-point techniques, contains the effect of the inherent trap stiffness, the data needs to be corrected for this trap stiffness, to obtain the unbiased microrheological parameters. The method followed for this correction is explained below.
A detailed analysis procedure for 2-point microrheology can be found in [12] . We present a summary of the relevant theory here. 
(1) In thermal equilibrium and in the absence of external forces the fluctuation-dissipation theorem relates the imaginary part of the (single or inter-particle) response function to the equilibrium fluctuation spectrum of
Where T k B is the thermal energy and
is the single sided PSD given by,
If we choose a coordinate system with the line connecting the centres of the two particles as along x axis and y spanning the plane perpendicular to the optical axis (laser propagation direction), all Once the imaginary part of the response function is calculated, the Kramers-Kronig relation can then be used to obtain the real part of the response function, provided that
is known over a large enough frequency range, by an equation
For an isolated particle and in the absence of the optical trap, the complex response function
is related to the complex shear modulus G of the inhomogeneous, isotropic and incompressible medium, by a generalized Stokes-Einstein relation [12, 13] ,
where, a is the radius of the particle and is the same for both particles in our experiments.
α is the corrected response function from the measured χ . It is noted that the measured response function χ directly reflects the actual rheology only in the absence of the trapping potentials. Similarly, in the absence of traps, the inter-particle response functions
are given by generalizations of the Oseen tensor [15] 
Video microscopy Movies containing nearly 1000 images of the freely diffusing, and thermally driven beads in a given medium are stored on to a PC, after focusing the microscope well above (about 20 µm) the cover slip wall [14] . Through multi particle tracking 2-5 beads, embedded in a medium, are tracked simultaneously for each field of view using image analysis algorithms (IDLVM, RSI Systems, USA) to obtain their time-sequenced positions [15, 16] . The spatial resolution of our imaging system, determined by camera pixel density and optical magnification of the imaging system is 75nm/pixel at 100 fps, [14] .
The position information is used to calculate the mean squared displacement (MSD=
of beads in that medium at a temperature T, using a standard relation [17, 18] . For each measurement, an ensemble averaged MSD of 25-30 beads is calculated. The accuracy of our measurements is tested by analyzing the ensemble averaged MSD of 30 stuck beads in water. For this, the water sample with beads is left for 2 days, so that beads sediments and stick to the cover slip. The stuck beads' motion is monitored for nearly one hour under the microscope, before taking position measurements. Then the stuck beads' are monitored for nearly 1000 frames and their ensemble averaged MSD (
) is calculated. This MSD is a measure of the static error ' ε ' involved in the measurement, given by
, which is nearly 60 nm as shown in figure 2(a) [19] . This error is found to be almost constant at all lag times. The effect of inherent error of the system seems to be significant at the lower lag times and till about 0.2 s. Beyond 0.2 s, the MSD curve of stuck beads lies much below that of the free beads, thereby with insignificant effect on the actual MSD. MSD of stuck bead (static error) and free bead's MSD, before and after the correction of error is shown in figure 2(a) . After the correction, the lag time dependent MSD has a slope of nearly 1 as expected for a pure viscous liquid. For a viscoelastic medium, MSD can be related to the complex shear modulus ( ) ω * G through the generalized Stokes-Einstein relation (GSER) given by [21, 22] : 
where, ( ) and are obtained by fitting the data locally to a second order polynomial. All the microrheological parameters were obtained by using custom programs, written in LabVIEW.
CALIBRATION OF THE SETUP
For calibration, double distilled water -a pure viscous fluid is used, and measurements are carried out at a temperature of 22±0.5 o C for both the video microscopy and the optical tweezer work. Video microscopy: Using the corrected MSD data, the frequency-dependent shear, storage and loss moduli are calculated. The value of storage modulus is found to be zero at all frequencies (not shown), whereas loss modulus increases linearly with frequency with a slope of 1 08 . 1 ≈ , as expected for a pure Newtonian fluid (Figure 2(b) ). Optical tweezer: Figure 3(a) shows the measured PSD data for pure water at a laser power of 48 mW. The corner frequency is found to be 27 Hz, giving a trap stiffness 4.64 pN/nm. The corresponding values of loss and storage moduli are calculated using the relation (6) and are shown in Figure 3(b) . The frequency dependent loss modulus shows a slope of 1 as expected for a pure viscous liquid. The storage modulus shows a laser power-dependent non zero value as an effect of the trap stiffness up to the corner frequency, after which it reduces to zero, as expected from theory.
The loss and storage moduli of water are also measured using two point microrheology techniques. The value of correlated power spectral density and the resulting loss and storage moduli are shown in Figure 4 . We have obtained results similar to that of one point microrheology technique.
RESULTS AND DISCUSSION

Tasar RSF
The rheological properties of Tasar RSF at two weight percents (w/v) 0.16 and 0.25 are measured by both video microscopy and optical tweezer based techniques (1-point), after applying the corrections explained in the previous sections. The moduli obtained from both the techniques are superimposed on the same plot for each concentration of Tasar RSF ( Figure 5 ).
The video microscopy (optical tweezer) results span the low (high) frequency range from 0.1 to 10 Hz (10 to100Hz), for both loss and storage moduli. At 0.25 weight percent one can see the slight increase of the storage moduli compared to the loss moduli.
The loss moduli and storage moduli of Tasar RSF are also determined from the 2-point microrheological technique as shown in Figure 6 . The values obtained from 2-point microrheological technique are comparable with that of 1-point microrheological technique at all frequencies. As our measurement samples are at lower concentration and at these concentrations heterogeneities present in the sample are of long range compared to that of our measurement length scales it is reasonable to expect similar corresponding values using the two techniques.
Studies on non mulberry silk varieties of Assam
Video microscopy
We have measured the mean squared displacement (MSD) of the dispersed beads in the RSF solution of Eri and Muga. Figure 7 (a) shows the MSD of the beads at a concentration 1.00% (w/v). It is observed in the figure that the slope of the MSD lies between 0 and 1, a characteristic of the viscoelasticity of RSF. At lower lag times all curves show slope of nearly 0, a signature of solid-like behavior and at higher lag times, a slope of nearly 1, characteristic of liquid like behavior. Moreover, the probe bead has lower MSD in Muga as compared to Eri, at all lag times. This lower value of the MSD in Muga RSF is a result of the hindered Brownian fluctuations of the beads, compared to that in Eri RSF. The shear modulus is also calculated for the varieties and is shown in Fig. 7(b) . The shear modulus of Muga is greater at all frequencies, than that of Eri at the measured concentration of 1.00% (w/v) RSF.
WAXS measurements
The XRD diffractograms of the silk fibroin samples were recorded using a X'Pert Pro X-ray diffractometer with Ni filtered, CuK α radiation of wavelength λ = 1.5406 Å, with a graphite monochromator. The scattered beam was focused on a detector. The samples were scanned in the 2 θ range 12º-100º with a scanning step size of 0.017º. The profile analysis was carried out using a programme developed by us that employs a multi-dimensional algorithm 'SIMPLEX'. The details of the modeling are given elsewhere [20] . We have obtained the crystal imperfection parameters for exponential distribution functions for each of the silk samples [23] .
A graphical part of the crystallite shape ellipse was obtained by taking the crystal size value corresponding to the 2 θ = 16.64° direction along the x-axis and the other parameter corresponding to the 2 θ = 20.23° direction along the y-axis. The crystallite shape ellipse for the two silk varieties is shown in Fig. 8 . The strength of the silk fibre is normally proportional to crystalline area, which is in turn equal to the ellipse area as determined by the micro-structural parameters. It is evident that the crystallite shape ellipse area in Muga is higher than Eri, suggesting that fibres of Muga are stiffer. The fibre stiffness characterized through crystallite shape ellipses computed from WAXS data reveals an interesting correlation with the corresponding shear moduli of the silk varieties in RSF solution form at the chosen concentration.
CONCLUSIONS
Our setup is calibrated for both video microscopy and optical tweezer based microrheological measurements. We have measured the viscoelasticity of RSF solution of Tasar silk. Further, we have compared the relative stiffness of Muga and Eri silk fibres obtained by WAXS with the frequency dependent shear moduli of the corresponding RSF solutions.. We observe a clear correlation between the fibre strength and the corresponding shear moduli of the fibres in RSF solution form at 1.00% (w/v).
This interesting correlation may be due to the possibility that the entangled network of the fibre with greater stiffness, offers greater resistance to the tracer bead's movement when it is embedded within a mesh formed by the entangled structures. This results in measuring a larger shear modulus. In future work, we will extend the measurement to a range of concentrations to examine the nature of correlation and to see how it may change.
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